INTRODUCTION
The most important anticariogenic action of fluoride is in aiding the remineralization of incipient caries lesions in enamel 1) . Fluoride inhibits enamel demineralization and enhances enamel lesion remineralization -that is, fluoride induces the arrestment or reversal of enamel lesion 2, 3) . Therefore, a prolonged exposure of incipient carious lesions to fluoride in the aqueous phase achieves the cariostatic effect 3) . In vitro studies have shown that fluoride released from fluoride-containing restorative materials effectively protected the enamel from demineralization in the region near to the restorative materials 4, 5) . Amongst the fluoride-releasing restorative materials, conventional glass ionomer cements (GICs) emerge tops because of their efficacy in resisting secondary caries formation around restorations 4, 6) . However, they pale in comparison to composite resins because of high moisture sensitivity, low initial mechanical properties, and inferior translucency 1) . To overcome the shortcomings of GICs while maintaining their clinical advantage in caries inhibition, hybrid materials that purportedly combine the benefits of glass ionomers and composite resins were developed 1) . Examples include resin-modified glass ionomer cements (RMGICs), polyacid-modified composite resins (compomers), and giomers. Giomers use pre-reacted glass ionomer (PRG) cements as fillers, where fillers are prepared by the acid-base reaction of a fluoroaluminosilicate glass with polyalkenoic acid in water prior to inclusion into the urethane resin 7) . On fluoride release and recharge mechanisms, GICs and compomers have been shown to be able to release, absorb, and re-release fluoride 8, 9) . Fluoride replenished from the environment is re-released to the adjacent tooth structure, or in most clinical situations, to the adjacent dental plaque. These fluoride-releasing restorative materials act as a fluoride reservoir to maintain an increased level of fluoride around restorations to prevent or inhibit secondary caries formation. As for the recharging ability of a restorative material, it depends on both intrinsic and environmental factors: chemical composition of the material and the frequency and intensity of exposure to fluoride 10, 11) . Increased patient demand for esthetic restorations leads to an increased use of esthetic restorative materials. While the biocompatibility and longevity of these materials in clinical conditions are of great importance, the fluoride release and recharge abilities of contemporary esthetic restorative materials and dental adhesives are also crucial. Dental adhesives play a vital role in sealing the margins of restorations. Being in close contact with restoration margins, fluoride released from fluoride-containing dental adhesives has been shown to penetrate the tooth structures it comes in contact with and exert its cariostatic effect 12, 13) . The aim of this in vitro study was to evaluate the fluoride release ability of five fluoride-releasing restorative materials and three fluoride-releasing dental adhesives during an 86-day period before NaF solution treatment, and their fluoride recharge ability after NaF solution treatment. The materials tested in this study are new in the dental market, and information about Fluoride release and recharge abilities of contemporary fluoride-containing restorative materials and dental adhesives their fluoride release and recharge properties is scarce. Therefore, results of this study would serve to augment the data about their properties and performance in the oral environment.
The first null hypothesis (Ho1) of this study was that all the tested restorative materials and dental adhesives would release the same amount of fluoride ions during the 86-day period before NaF solution treatment. The second null hypothesis (Ho2) was that there would be no difference in the fluoride recharging ability of the dental materials tested.
MATERIALS AND METHODS

Dental materials tested in this study
Five fluoride-containing restorative materials were investigated in the present study and a non fluoridecontaining composite resin (Filtek Z250, 3M ESPE) was used as a control (Table 1) . For Ketac N100, its composition seemed to indicate it as a resin composite. However, this restorative material was categorized as a GIC in the present study according to a previous report 14) . Three fluoride-containing dental adhesives were also investigated, and a non fluoride-containing dental adhesive (Adper Scotchbond 1 XT, 3M ESPE) was used as a control (Table 1) .
Preparation of specimens
For each dental material, eight disk-shaped specimens (7 mm diameter; 2 mm thickness) were prepared using cylindrical Teflon molds according to manufacturers' instructions. Polyester strips were placed on the top and bottom surfaces of each mold. Glass plates were placed over the polyester strips and clamped to produce a smooth surface. Excess extruded material was carefully removed using a surgical blade.
For the resin-based restorative materials, all specimens were light-cured for 20 s from each surface of the mold using a quartz-tungsten-halogen light-curing unit (Elipar 2500, 3M ESPE Dental Products, Seefeld, Germany) at 1,300 mW/cm 2 . For GICs, the glass powder mixture of each specimen was prepared according to respective manufacturer's instructions. Immediately after mixing, the cement was inserted into the mold and its top and bottom surfaces covered by a polyester strip each. Fuji IX GP specimens were allowed to set in their molds for a total of 7 min, while Ketac N100 specimens were light-cured for 20 s from each surface of the mold.
For dental adhesives, their disk specimens were built up in the molds in four increments (approximately 0.5 mm thickness per increment). For each increment, its top and bottom surfaces were covered with a polyester strip and a glass plate, and then light-cured for 30 s from each surface of the mold. This curing procedure for each increment was repeated for all the four increments per adhesive specimen.
After disk specimens of all dental materials were removed from their molds, they were stored for 1 h in a humidor at 37°C and then weighed. The total surface area of each specimen was 120.89 mm 2 . All specimens were inspected under an optical microscope magnifier to ensure that specimens were free from air bubbles and cracks.
Fluoride concentration measurement using ion-selective electrode Each specimen was suspended with non-fluoridated dental floss in 4 mL deionized water in a plastic container. During the entire experiment, all specimens were incubated at a constant temperature of 37±0.5°C. At 24 h after specimen preparation, the first fluoride concentration measurement of each specimen was performed. After rinsing each specimen with 1 mL of deionized water in the plastic container, it was transferred to a new plastic container with 4 mL of deionized water. 0.5 mL of Total Ionic Strength Adjustment Buffer (TISAB III, Thermo Fisher Scientific, Beverly, MA, USA) was added at 10 vol% to provide a background of constant ionic strength for fluoride measurement.
Fluoride concentration was measured using a microanalytical technique with an inverted fluoride ionselective electrode (Orion 9609BNWP, Ionplus Sure-Flow Fluoride Electrode, Thermo Scientific, USA) coupled to a benchtop analyzer (Orion Star ISE Benchtop Meter, Thermo Scientific, Beverly, MA, USA). Detection limit was ±0.001 ppm, and all data were recorded in ppm. All measurements were performed at a constant room temperature of 23°C and were converted to μg/cm 2 for statistical analysis.
Fluoride release measurement for 86 days before NaF solution treatment
On a daily basis for 30 days, the fluoride concentration of the storage medium of each specimen was measured to evaluate fluoride release. After fluoride release measurement, each specimen was transferred to a fresh medium.
After performing fluoride release measurement on day 30, all specimens were transferred to fresh media where they remained for the next 6 days. After performing fluoride release measurement on day 36, all specimens were rinsed to remove deposited degradation products from their surfaces and then placed in 4 mL of fresh medium each. After 24 h (i.e., on day 37), fluoride release was measured again and each specimen transferred to a fresh medium.
This regime of measuring fluoride release after a 24-h period at the end of each week continued for 8 weeks until day 86 (Table 2) . Fluoride release measurements were performed to measure cumulative fluoride release until day 86, as well as fluoride release individually at days 37, 44, 51, 58, 65, 72, 79, and 86.
Fluoride release measurement after NaF solution treatment
After performing fluoride release measurement on day 86, the specimens were cleaned by being rinsed three times with 5 mL of deionized water, dried on paper for 2 min, and then immersed in 0.2% NaF for 5 min. After 5 min of refluoridation, specimens were rinsed three *Regarding the composition of Ketac N100, the material seemed to be a resin composite, however, the material was categorized as a GIC in the present study according to a previous report 23) . times with 5 mL of deionized water, air-dried for 1 min, and immersed in individual plastic tubes containing 4 mL of deionized water at 37ºC. For 5 consecutive days, fluoride release measurements were carried out at 24-h intervals. After 5 days, the refluoridation regime was repeated and fluoride release measurements were again carried out at 24-h intervals for the next 5 days. In total, this refluoridation regime was carried out three times for a total fluoride release measurement period of 15 days -that is, three sets of 5-day measurement periods.
Statistical analysis
Data were statistically analyzed using one-way ANOVA (SPSS 17.0). Differences in fluoride release amount between experimental groups were evaluated using Bonferroni post hoc test, at 5% level of significance.
Comparison of initial cumulative fluoride release (days 1-5) with cumulative fluoride release (5-day period) after refluoridation procedure for each experimental group was done using paired t-test and non-parametric Wilcoxon test at 5% level of significance. Figures 1(a)-(c) show the fluoride release data (mean values and standard deviations) of restorative materials and dental adhesives during the 86-day period before NaF solution treatment. Statistical analysis indicated significant differences in fluoride release among the restorative materials tested (p<0.05), as well as among the dental adhesives (p<0.05). Based on these fluoride release data, Ho1 was rejected.
RESULTS
Fluoride release ability
For all the dental materials tested, fluoride release decreased with time. On day 1, all fluoride-containing restorative materials and dental adhesives released their greatest amounts of fluoride ions respectively. After day 1, fluoride release rapidly declined but stabilized at days 3-5, remaining relatively constant from then on until day 86.
Among the restorative materials, Fuji IX GP released a significantly higher amount of fluoride than all the other restorative materials at any measurement time (p<0.05). Comparison between GICs and resinbased materials showed that Fuji IX GP and Ketac N100 released markedly higher amounts of fluoride than the resin-based restorative materials. For the dental adhesives, they maintained a stable fluoride release in very low amounts from day 3 until day 86. Table 3 shows the cumulative fluoride release data (mean values and standard deviations) of restorative materials and dental adhesives during the 86-day period before NaF solution treatment. Among the restorative materials, Fuji IX GP released the highest amount of fluoride ions followed by Ketac N100 and Dyract Extra, while Beautifil II and Wave did not show any significant difference (p<0.05). Among the dental adhesives, Prime & Bond NT released the highest amount of fluoride ions followed by Stae and Fluorobond II, which did not show any significant difference (p<0.05). Figures 2(a)-(c) show the fluoride release data (mean values and standard deviations) of restorative materials and dental adhesives during three sets of 5-day periods after each refluoridation procedure. For all the tested dental materials, fluoride re-release decreased with time. Exposure to 0.2% NaF solution for 5 min caused a significant, but variable, increase in fluoride re-release from all fluoride-containing dental materials (p<0.05). At day 1 after refluoridation, there was an increase in fluoride release from all fluoride-containing materials. After day 1, fluoride release rapidly declined. At day 5 after refluoridation, the amounts of fluoride ions released were almost the same as those before refluoridation (day 86).
Fluoride recharge ability
Among the restorative materials, Fuji IX GP released the highest amount of fluoride ions during each 5-day period after refluoridation followed by Ketac N100, Dyract Extra, Beautifil II, and Wave (p<0.05). Among the dental adhesives, the ranking was Fluorobond II followed by Stae and Prime & Bond NT (p<0.05). Based on these fluoride re-release data, Ho2 was rejected. Table 4 shows the comparison of initial cumulative fluoride release before NaF solution treatment (days 1-5) against the cumulative fluoride release after refluoridation (5-day period) of all the dental materials tested. All the materials tested exhibited lower cumulative fluoride release after NaF solution treatment when compared to their initial fluoride release (p<0.05).
Among the restorative materials, Dyract Extra presented the highest percentage (72.5%) of fluoride re-release. Among the dental adhesives, Fluorobond II presented the highest percentage (35%).
DISCUSSION
Fluoride release before NaF solution treatment
All the dental materials tested in this study released measurable quantities of fluoride during the 86-day period before NaF solution treatment. However, there were large variations in the amount of fluoride released -an observation which was consistent with the findings of other researchers 15, 16) . All fluoride-containing dental materials released their greatest amounts of fluoride ions on day 1. After which, their release amounts fell sharply but they continued to release low amounts of fluoride from day 5 until day 86. This fluoride release pattern also agreed with those described by other researchers 17, 18) . The elution of fluoride is a complex process. It is affected by a multitude of intrinsic and environmental factors, such as material composition (which comprises the organic matrix and filler), powder-liquid ratio used in material preparation, mixing method, solubility and porosity of set material mass, surface area of material exposed to the environment, and pH of the environment or storage medium 19, 20) . Among the restorative materials, Fuji IX GP, which is a conventional GIC, released significantly more fluoride than the other materials tested. This result agreed with previous findings 15, 16, 21) . The mechanism by which GICs release fluoride into an aqueous environment is proposed to comprise two processes. Process I is a short-term reaction which involves rapid dissolution of fluoride from the outer surface into the solution; Process II is more gradual and results in a sustained diffusion of fluoride through the bulk cement 1, 22, 23) . In the present study, an initial high release from Fuji IX GP on day 1 was probably due to an initial "burst" of fluoride release from the glass particles, which occurred when the fluoridecontaining glass powder reacted with polyalkenoic acid during the setting reaction.
Ketac N100 was introduced for the restoration of primary teeth and small cavities in permanent teeth. It is based on nanotechnology, which allows a highly packed filler composition (~69%), of which approximately two-thirds are nanofillers. Due to these innovations in formulation, some authors recommended Ketac N100 to belong to a new category of hybrid material known as nano-ionomers 14) -that is, nano-filled resin-modified glass ionomer cements.
RMGICs were found to have the potential of releasing fluoride in equivalent amounts as conventional GICs. However, this potential is affected by several variables: presence of fluoride compounds and their interaction with polyalkenoic acids, as well as the type and amount of resin used for photochemical polymerization reaction 17, 19) . Fluoride release from RMGICs reportedly ranged between 5 and 35 μg/cm 2 after the first 24 h 1) . In the present study, Ketac N100 released 28.24 μg/cm 2 of fluoride on day 1.
Dyract Extra is a compomer, which contains a mixture of monomers and reactive glass fillers containing SrF 2 (Table 1) . These glass fillers are identical to the ionleachable glass fillers used in conventional GICs, but in smaller sizes than those used in most composite resins. Initial setting is due to photopolymerization, followed by an acid-base reaction that arises from sorption of water 24) . In vitro studies have shown that compomers released considerably less fluoride than conventional GICs and RMGICs over time 12, [25] [26] [27] . Moreover, unlike GICs and RMGICs, compomers produced no initial "burst" of fluoride 14, 26) . Their levels of fluoride release remained low and relatively constant over time 10, 12) . In the present study, the results obtained with Dyract Extra agreed with these findings.
Beautifil II (giomer) contains a glass-ionomer matrix with fluoridated glass filler. It is a second-generation giomer which uses surface pre-reacted glass-ionomer (SPRG) filler technology, where only the surface of the fluoridated glass filler reacts with polyacrylic acid in an acid-base reaction in the presence of water to form a thick siliceous hydrogel layer -while the glass core remains. Therefore, unlike compomers, fluoroaluminosilicate glass particles in giomers react with polyacrylic acids prior to incorporation into the resin matrix. Fluoride release from giomers was reportedly slightly higher than composite resins but lower than glass ionomer cements 10) . In this study, the result presented by Beautifil II agreed with these findings.
Wave is a flowable fluoride-releasing composite resin which released considerably less fluoride than the other restorative materials tested. This result agreed with previous reports 15, 17) which attributed this outcome to the setting mechanism: fluoride-releasing composite resins do not undergo an acid-base setting reaction. Nonetheless, the inclusion of SrF 2 filler particles could result in short-term fluoride release in low amounts. Fluoroaluminosilicate filler particles in GICs are more soluble than SrF 2, thus releasing more fluoride ions 11, 20) . Fluoride-releasing dental adhesives released considerable amounts of fluoride ions throughout the 86-day period. Quantitative differences in fluoride release among the materials could be attributed to a slew of factors: intrinsic composition versus manufactureradded fluoride content, solubility and type of active ingredients, and the phase (organic or inorganic) in which these active ingredients are added 29) . In a previous study, fluoride-releasing adhesives reportedly released 4-30 μg/cm 2 of fluoride ions during an 8-week period 1) . In the present study, fluoride release from the dental adhesives tested amounted to 18.19-37.54 μg/cm 2 after 12 weeks.
In clinical settings, dental adhesives are typically applied in very small quantities in cavities. Therefore, fluoride released from dental adhesives is very low. Jacobson et al. 30) showed that a concentration of about 3 ppm of fluoride ions initiated remineralization in enamel, while lower concentrations did not inhibit demineralization in enamel. In the present study, fluoride release from the dental adhesives tested ranged between 0.89 and 1.59 ppm on day 1. The total exposed surface area of the dental adhesive disk specimens (120.89 mm 2 ) might play a role in these data. It was reported that fluoride release from dental materials was strongly dependent on the surface area of specimens under investigation rather than the volume 31) .
Fluoride release after recharging with NaF solution
The fluoride re-release patterns of fluoride-containing restorative materials tested in this study agreed with the findings of other in vitro studies: after refluoridation, fluoride release increased in the first 24 h followed by a rapid return to near pre-exposure levels within several days 15, 32, 33) . After fluoride recharging from NaF solution, Fuji IX GP (conventional GIC) and Ketac N100 (RMGIC) exhibited significantly higher fluoride re-release than Dyract Extra (compomer), Beautifil II (giomer), and Wave (fluoride-releasing composite resin). For the latter three resin-based restorative materials, an increase in fluoride release after exposure to 0.2% NaF solution could be attributed to fluoride retained in the pores or on their surfaces. This finding agreed with a previous work 32) in that Dyract Extra and Beautifil II acted more like composite resins rather than like GICs with respect to their fluoride recharge ability.
Fluoride re-release, though very significant, is always lower than the initial fluoride release. For Fuji IX GP (conventional GIC) and Ketac N100 (RMGIC), their fluoride re-release at 24 h after refluoridation was about half of their original/initial 24-h fluoride release. As for Dyract Extra (compomer) and Beautifil II (giomer), their cumulative fluoride re-release amounts after 5 days were respectively 72.5% and 59% of their initial 5-day cumulative fluoride release amounts (Table  4) . Wave (fluoride-releasing composite resin) re-released only 19.5% of the initial amount during the 5-day period. The amount of fluoride re-released by Wave reduced to almost zero on day 5. The slight increase in fluoride release from Wave after refluoridation was most probably because of surface-retained fluoride 34) . The precise mechanism of fluoride recharging is not fully understood yet. It has been suggested that the recharging ability of GICs is dependent on the glass component -particularly upon the structure of the hydrogel layer around glass filler particles, which is formed due to reactions between fluoridated glass particles and polyacrylic acids 13, 35) . Among the dental adhesives, Fluorobond II (giomer) exhibited the greatest fluoride re-release at 35% of the initial 5-day fluoride release amount. This result might be attributed to the pre-reacted glass ionomer (PRG) filler particles which it contained 7) , and hence the influence of the thick hydrogel layer around the glass filler particles. To date, in vitro studies have yielded inconsistent results concerning the ability of fluoride-releasing dental adhesives to prevent or inhibit secondary caries formation 36) . There are also no clinical studies to support their efficacy. Further investigations are indeed needed to clarify their role on protecting tooth structures against secondary caries development.
Inhibition of secondary caries associated with fluoride-releasing materials is usually attributed to a continuous, sustained release of fluoride ions around a restoration's margins. Dijkman and Arends 37) found that a monthly cumulative fluoride release of 200-300 μg/cm 2 was sufficient to completely inhibit enamel demineralization. In the present study, Fuji IX GP released a cumulative amount of 283.16 μg/cm 2 of fluoride ions after 30 days. Further, Dijkman and Arends 37) suggested that the optimal fluoride concentration range to prevent caries formation at the interface between restoration and tooth tissues should be 5-80 ppm.
However, the amount of fluoride ions released decreases over time. Thus, the recharging ability of fluoride-releasing materials, such as GICs, becomes an interesting and important issue. This property helps to maintain an increased level of fluoride ions around restorations, which is especially essential for patients with high caries risk. The abilities of fluoride-containing materials to absorb, recharge, and re-release fluoride might be taking place in vivo. Further investigations, preferably using a split-mouth study design, would be necessary to clarify their clinical significance in inhibiting secondary caries development around restorations.
CONCLUSIONS
Within the limitations of the present study, the following conclusions were drawn:
1. Fluoride-containing dental materials were able to release fluoride ions for a long period of time. However, fluoride release might reduce to very low levels over time after an initial high fluoride release. 2. Different materials exhibited different fluoride release patterns, depending on their compositions. 3. Fluoride-containing restorative materials with higher initial fluoride release also exhibited higher fluoride recharge ability. 4. Glass ionomer materials exhibited greater fluoride release and recharge abilities than resinbased materials. 5. Fluoride-containing dental adhesives exhibited low fluoride release and recharge abilities.
